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THE FIRST SYNTHESIS of 2-deoxy-2-[‘8F]fluoro-D-glucose (“FDG) for human 

studies took place in 1974 the result of a collaboration between scientists at the National 

Institutes of Health, the University of Pennsylvania and Brookhaven National Laboratory which 

had begun three years earlier. “FDG was developed for the specific purpose of mapping glucose 

metabolism in the living human brain thereby serving as a tool in the basic hunnan neurosciences 

(Ido et al, 1978; Reivich et al, 1979). With 18FDG it was possible for the first time to translate 

the [14C]2-DG autoradiographic method (Sokoloff, 1979) to the clinical arena. Around the same 

time that 18FDG was developed, preclinical studies suggested the utility of ‘*FDG for studies of 

myocardial metabolism (Gallagher et al, 1977) and for tumor metabolism (Som et al, 1980). 

In the fast human studies and many that followed, ‘*FDG was synthesized at Brookhaven 

National Laboratory on Long Island and sent by small plane to Philadelphia Airport and then 

transported to the Hospital of the University of Pennsylvania where the fust images of a human 

volunteer were made (Figure 1). In spite of the 110 minute half-life of fluorine-18 and the 

relatively low yields of ‘*I’DG, this remote supply of 18FDG served to demonstrate its unique 

properties and its utility as a scientific tool for basic researu-ch and clinical diagnosis. In the next 

few years BNL supplied ‘“FDG to the Hospital of the University of Pennsylvania and also to the 

National Institutes of Health. Soon however, most of the major institutions having a cyclotron 

produced 18FDG for their (own use, It is remarkable that 25 years later, the production of “FDG 
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at regional cyclotron-synthesis centers and its distribution to remote hospitals and other 

institutions for clinical use particularly in cancer is the nztjor mode for supplying 18FDG. 

In this article we will highlight the major milestones in chemistry from the conceptual 

design through the evolution of its chemical syntheses. We note that there have been other 

reviews of various aspects of ‘*FDG design and chemistry (Fowler and Wolf, 1986; Gatley et al, 

1988) including a very recent article on 18FDG chemistry (Beuthien-Baumann et al, 2000). 

DESIGN OF ‘*FDG: THE IMPORTANCE OF C-Z 

18FDG was modeled after carbon-14 labeled 2-deoxy-glucose (14C-2DG). 2-Deoxy-D- 

glucose (2-DG) is a derivative of glucose in which the hydroxyl group (-OH) on C-2 is replaced 

by a hydrogen atom (Figure 2). The biological behavior of 2-DG is remarkably similar to 

glucose, with a few important differences. Like glucose, 2-DG undergoes facilitated transport 

into the brain followed by phosphorylation by hexokinase because the hydroxyl group on C-2 is 

not a critical element for either of these processes. In contrast to glucose, however, metabolism 

does not proceed beyond phosphorylation because the hydroxyl group on C-2 is crucial in the 

next step, phosphohexose isomerase. As a result, 2-deoxy-D-glucose-6-phosphate is trapped in 

the cell providing a record of metabolism. In essence, removal of the hydroxyl on C-2 isolates 

the hexokinase reaction. This property of 2-DG was noted in 1954 by Sols and Crane (Sols and 

Crane, 1954) who remarked: 

“2-deoxy-glucose possesses certain advantages over glucose as a substrate for 

experimental studies with crude preparations of brain and other tissue hexokinases. The 

phosphate ester fomzedfionz 2-deoxyglucose is not inhibitory and it is not a substrate for either 

phosphohexose isornerase or glucose-6-phosphate dehydrogenase. Thus, the use of 2- 

deoxyglucose isolates the hexokinase reaction. ‘I 
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The translation ofthe 14C-2-DG method to humans required that 2-DG be labeled with an 

isotope which decayed by body penetrating radiation and that the chemical properties of the 

isotope and its position on the deoxyglucose skeleton would not significantly perturb its 

biochemical and transport properties. Of course, this could be achieved by isotopic substitution 

of stable carbon in the 2-deoxy-D-glucose structure with carbon-l 1, and this synthesis was 

accomplished shortly after the development of 18FDG (MacGregor et al, 198 1). However, 

fluorine218 was chosen fc’r initial studies both because the C-F bond is a strong bond and 

. because its 110 minute half life was sufficiently long for transport fi-om Long Island to 

Philadelphia where the first human studies were carried out on the Mark IV scanner (Kuhl et al, 

1977). 

The design of an F- 18 labeled version of 2-deoxyglucose hinged on substituting the F- 18 

on a carbon atom which would preserve the properties of the parent molecule. The choice of C-2 

for the fluorine substitution was an obvious one. C-2, unlike other carbon atoms in the molecule, 

can be modified without interfering with either facilitated transport required to bring the 

molecule across the blood brain barrier (BBB) or the hexokinase reaction. It was also reasonable 

to assume that 2-deoxy-2-fluoro-D-glucose (FDG) would not be a substrate for 

phosphohexoseisomerase.. Thus it was predicted that 2-deoxy-2-[‘*F]fluoro-D-glucose (“FDG) 

would be a good substrate for hexokinase and that, with the absence of a hydroxyl group on C-2. 

the phoshorylated product would be intracellularly trapped at the site of metabolism providing a 

record of metabolic activity which could be imaged externally (Figure 3). The development of 

‘*FDG was further supported by the fact that FDG had been synthesized in unlabeled form arid 

shown to be a good substrate for hexokinase (Bessel1 et al, 1972). The importance of 



substituting the fluorine atom on C-2 is illustrated by the dramatic reduction in affinity for 

hexokinase with 3-deoxy-3-fluoro-D-glucose and 4-deoxy-4-fluoro-D-glucose’ (Table 1). 

In order to test the hypothesis that FDG would be a good model for 2-DG, FDG was 

labeled with C-14 (Ido et al, 1978). Autoradiographic studies with [14C]FDG in the rat gave 

similar results as those obtained for [14C]2-DG and phosphorylation by hexokinase also 

proceeded as predicted (Reivich et al, 1979). 

These studies formed the groundwork for developing a synthesis for 2-deoxy-2- 

[‘8F]fluoro-D-glucose (“FDG) for studies of brain glucose metabolism in humans. However, 

‘*FDG’s unique high uptake in rapidly growing tumors (Som et al, 1980) as a result of enhanced 

tumor glycolysis (Weber, 1977) coupled with its low body background resulted in a very high 

signal to noise ratio to detect tumors in the body. The low body background from 18FDG is due 

on part to the fact that 18FDG which is not phosphorylated by hexokinase is excreted (Gallagher 

et al, 1978). This contrasts to the behavior of glucose which is not excreted due to resorption 

horn urine to plasma via active transport across the renal tubule. The presence of a hydroxyl 

group on C-2 which occurs in glucose but not ‘*FDG is required for active transport (Silverman, 

1970). This property of low body background resulting from ‘*FDG excretion which was not 

anticipated in the initial design of “FDG for brain studies has elevated it to the forefi-ont as a 

tracer for managing the cancer patient (Coleman, 2000). 

FIRST SYNTHESIS OF ‘*FDG FOR ANIMAL AND HUMAN STUDIES 

With ‘*FDG as a goal, the options for rapid incorporation of F-18 in the C-2 position 

were assessed. Fortunately, there were two syntheses for unlabeled 2-deoxy-2-fluoro-D-glucose 

in the chemical literature at the time that 18FDG was being developed. One of these involved the 

electrophilic fluorination of 3,4,6-triacetylglucal with the electrophilic fluorination reagent 
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trifluoromethylhypofluorrte (CFsOF) (Adamson et al, 1970) which was used in the synthesis of 

[14C]FDG (Ido et al, 1978). The other synthetic approach to unlabeled FDG involved the use of 

potassium bifluoride (KH:F$ in a nucleophilic displacement reaction (Pacak et al, 1969). 

Though neither CFsOF nor KHFz nor the synthetic schemes was directly applicable to the 

synthesis of ‘*FDG, it was likely that elemental fluorine (Fz) could be substituted for CFsOF 

based on initial reports that its reactivity could be controlled in diluted form (Barton, 1976). This 

approach was successful and the fluorination of 3,4,6-tri-0-acetylglucal with elemental fluorine 

represented a new synthetic route to unlabeled FDG (Ido et al, 1977). Fortunately the 

methodology for producing [18F]Fz by the irradiation of a neon target containing Fz via the 

2Qe(d,a)18F reaction using specially prepared nickel irradiation vessel had already been 

developed (Lambreeht and Wolf, 1973) and applied to the first synthesis of 5-[18F]fluorouracil 

(Fowler et al, 1973). Thus electrophilic fluorination of 3,4,6-tri-0-acetyl-D-glucal with [18F]Fz 

produced a 3: 1 mixture of the F- 18 labeled 1,2-difluoroglucose isomer and the 1,2-difluoro- 

mannose isomers which were separated by preparative gas chromatography. The 1,2- 

difluoroglucose isomer w,as hydrolyzed in HCl to give “FDG (Figure 4). The yield was about 

8%, the purity was >98% and the synthesis time was about 2 hours. 

Because “FDG had never been administered to a human subject either in labeled or in 

unlabeled form, there was no adequate safety data to support administration to humans. The 

literature at the time had one report of an LD50 for FDG of 600 mg/kg in rats (Bessel1 et al, 

1973). This was not sufficient to support human studies. Therefore toxicity studies were 

performed in mice and dogs with unlabeled FDG (Son1 et al, 1980). Doses of FDG were 14.3 

mg/kg and 0.72 mg/kg administered intravenously at weekly intervals for 3 weeks for mice and 

dogs respectively. There was a control group, which was injected with vehicle for each species. 
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Mice were weighed weekly and at the end of 3 weeks they were sacrificed and their organs 

examined grossly and microscopically. For dogs, baseline, 2-hour, l-week and 2-week blood 

and urine samples and a few CSF samples were obtained for analysis. At the end of 3 weeks the 

dogs were sacrificed and their internal organs were examined grossly and microscopically. 

Neither mice nor dogs that received FDG showed any gross or microscopic differences with their 

respective control groups. These results indicated that the anticipated dose of 1 mg of ‘*FDG 

(0.014 mg/kg) could be safely administered to human volunteers. This was a factor of 150 times 

less that that administered to dogs and 3000 times less that that administered to mice without any 

evidence of acute or chronic toxicity. 

Radiation dosimetry was estimated based on the tissue distribution of ’ *FDG in dogs 

sacrificed at 60 minutes and at 135 minutes post injection of ‘*FDG (Gallagher et al, 1977). The 

target organ in these initial estimates was the bladder which received 289 mrem/mCi (Reivich et 

al, 1979). These estimates were later refined when human distribution and excretion data 

became available (Jones et al, 1982). 

These developments: the design of ‘*FDG based on a knowledge of structure-activity 

relationships; the synthesis of [14C]FDG (Ido et al, 1978); autoradiographic comparison of 

[‘“CIFDG and [14C]2-DG (R eivich et al, 1979); the synthesis of “FDG (Ido et al, 1978) 

toxicological studies of FDG (Som et al, 1980); biodistribution of ‘-*FDG in mice and dogs 

(Gallagher et al, 1977); and dosimetry calculations (Reivich et al, 1979) all combined to support 

the first studies in humans. 

IMPROVEMENTS AND A MAJOR MILESTONE (1976-1986) 

During the next 10 years after the development of the electrophilic route to “FDG, its 

utility as a radiotracer in the neurosciences and in the diagnosis of heart disease and cancer grew. 
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This stimulated the investigations of different synthetic methods to improve yields thereby to 

increase availability. Other electrophilic routes were developed and nucleophilic routes were 

sought (Table 2). The most useful of the electrophilic routes was labeled acetylhypofluorite 

(CH$O2[‘*F] which offered advantages over [‘*F]F2 in terms of yield and experimental 

simplicity. Labeled acetylhypofluorite was readily synthesized via in situ formation in acetic 

acid or via gas-solid phase synthesis using [‘*F]F2. However, it was subsequently found that the 

stereospecificity of acetylhypofluorite was dependent on reaction conditions and solvent with 

one of the most commonly used methods giving ca. 15% of 2-deoxy-2-[18F]fluoro-D-mannose 

(“FDM), an isomer with .the fluorine atom occupying the axial position. A re-investigation and 

analysis of the product distribution t?om other fluorination reagents derived Tom elemental 

fluorine and showed that they all produce the mannose isomer in varying amounts (Bida et al, 

1984). The synthesis producing the most acceptable product purity involved the gaseous 

CH3COz[‘*F] fluorination of 3,4,6-tri-0-acetyl-D-glucal in freon-l 1. In this synthesis, the ratio 

of ‘*FDG:‘“FDM was 955. Though the effect of using a mixture of “FDG and ‘*FDM on 

glucose metabolic rate in the human brain has been reported to be negligible, the use of a mixture 

was less than ideal because the rate constants and the lumped constants for these two molecules 

could differ in a non-prediictable fashion introducing a variable in human studies. A kinetic 

comparison of ‘*FDG and ‘*FDM in the rhesus monkey indicates that there is a 20% reduction in 

apparent cerebral metabolic rates for glucose when “FDM is used. If this is similar in humans, it 

was estimated that a 15% impurity of ‘*FDM would lead to an underestimation of 3% in glucose 

metabolic rate (Braun et al, 1994). 

In addition to the production of the F- 18 labeled mannose isomer, there were other 8 

limitations to the electrophilic route to “FDG. The nuclear reaction commonly used to produce 



[‘*F]F2 was the 2qe(d,a)18F in a high pressure neon gas target to which a small amount of F2 gas 

was added (Casella et al, 1980). The targetry to produce [‘*F]Fz and its maintenance at the time 

was cumbersome and handling elemental fluorine, the most reactive of all elements, required 

special precautions. However, the mjor limitation was that under the best circumstances, only 

50% of the label is incorporated into the product. This is also the case in the use of CH$O2[‘“F] 

because half of the label is lost in the conversion of [‘*F]Fz to CH3C02[18F]. 

In terms of F-18 yield, another nuclear reaction the ‘*O(p,n)‘*F reaction, was far superior 

as can be seen when the cross sections are compared (Figure 5) (Ruth and Wolf, 1979). The 

adaptation of the ‘*O(p,n)‘*F reaction to a practical production method which would conserve the 

inventory of costly and occasionally rare 0- 18 enriched water stimulated the development of 

small volume enriched water targets which produced F-l 8 as [“Flfluoride in high yield (Wieland 

et al, 1986; Kilbourn et al, 1984). Methods for recovering 0- 18 enriched water for re-use have 

been reported including the use of an anion exchange resin (Dowex 1 x 10) which permits a 95% 

recovery of [“Flfluoride ion and a loss of ‘*O-enriched water of less than 5 ~1 from a volume of 

3 ml (Schlyer et al, 1990). With the availability of high yields of [“Flfluoride, the development 

of a high yield nucleophilic route to “FDG became even more compelling. A number of 

approaches were reported prior to 1986 (Table 2). All of these were plagued with difficult steps 

including low incorporation of F- 18 and difficulty in removing protective groups. Thus the 

electrophilic route, with its limitations, remained the method of choice through 1985. 

A major advance in the synthesis of ‘*FDG horn [“Flfluoride was reported in 1986 when 

it was discovered that kryptofm [2.2.2] could be used to increase the reactivity of [“Flfluoride 

(Hamacher et al, 1986). In essence, kryptofLv masks the potassium ion which is the counterion 

of the. [“Flfluoride. The reaction of [“Flfluoride with 1,3,4,6-tetra-0-acetyl-2-0- 
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trifluoromethanesulfonyl-$-D-marmo-pyranose to give 1,3,4,6-tetra-0-acetyl-2-[‘*F]fluoro-P-D- 

gluco-pyranose gives a 95% incorporation of F- 18 and the overall synthesis including 

purification proceeds in about 60% yield. The synthesis involves 2 steps, displacement with 

[18F]fluoride and de-protection with HCl (Figure 6). This was an almost perfect solution to the 

need to produce ‘*FDG in high yield and in high purity. It also produced ‘*FDG in no-carrier- 

added form and later ion &romatographic analysis of various preparations from this route 

showed the presence of FDG in a mass of l-40 p.g (Allexoff et al, 1992). Thus this new method 

served an ,mcreasing need in the nuclear medicine and the neuroscience communities which were 

discovering new uses for “FDG. It is also simple and amenable to automation and in the 15 

years since it was reporte’d, a number of automated synthesis modules have become 

commercially available (!5atyamurthy et al, 1999). 

‘*FDG SYNTHESIS (1986-PRESENT) 

No major new developments have been made following this simple, high-yield 

nucleophilic route. However, a number of variants have been investigated to improve the 

displacement and the deprotection steps and considerable effort has been put into fme-tuning the 

reaction and to identifying impurities and contaminants which are carried through to the fmal 

product. This has become more critical with the increasing use of ‘*FDG in clinical practice 

where a pharmaceutical quality product is required. 

One of the goals has been to optimize the removal off kryptofix 2.2.2 which is used to 

facilitate the displacement reaction. Methods have been reported for both the removal (Moerlein 

et al, 1989; Alexoff et al, 1991) and the detection (Ferrieri et al, 1993; Chaly and Dahl, 1989) of 

kryptofix. The simplest method to remove kryptofix is the incorporation of a short cation 
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exchange resin in the synthesis system so that the hydrolysate @ICI) passes through the cartridge 

before final purification (Alexoff et al, 1991). 

Alternatives to the use of kryptofur 2.2.2 have been investigated in order to avoid its 

appearance as a contaminant in the final product. These include the use of tetrabutylammonium 

as the counterion (Yuasa et al, 1997; Brodack et al, 1988) as well as the development of a resin- 

supported form of [“Flfluoride for on-column fluorination (Toorongian et al, 1990). The latter 

method is synergistic with the use of an anion exchange resin to recover 0- 18 enriched water for 

re-use. Several kinds of polymer supported quaternary ammonium and phosphonium salts such 

as dimethylaminopyridinium or tributylphosphonitmr have been systematically examined for the 

on-column synthesis of “FDG (Ohsaki et al, 1998). 

Alternatives to deprotection with HCl have also been investigated. The use of a cation 

exchange resin was investigated and reported to efficiently hydrolyze the acetylated labeled 

precursor in lo-15 minutes at 100 degrees thereby eliminating the need for a neutralization step 

in the synthesis (Mulholland, 1995) and also serving to remove kryptofur 2.2.2. The use of base 

hydrolysis in the deprotection step has also been investigated as an approach to reduce the need 

for high temperatures and to decrease the synthesis time. Though epimerization at C-2 is a 

known reaction of aldoses under basic conditions and in this case would produce ‘*FDM as a 

radiochemical impurity (Varelis and Barnes, 1996), a systematic study of the reaction conditions 

for basic hydrolysis determined that epimerization could be limited to 0.5% using 0.33 M sodium 

hydroxide below 40 degrees for about 5 minutes. to avoid the neutralization step in the synthesis 

(Meyer et al, 1999). 

2-Deoxy-2-chloro-D-glucose (ClDG) was identified as an impurity during ion 

chromatographic determination of the specific activity of ‘*FDG preparations from the 
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nucleophilic route (Alexoff et al, 1992). ClDG is produced as a competing displacement reaction 

with chloride ion which comes from different sources including HCl used in the hydrolysis step. 

In typical ‘“FDG preparations, CIDG is present in a total amount of 400 pg as’ is determined by 

ion chromatography and pulsed amperometric detection. Larger amounts are produced when 

larger amounts of the triflate precursor are used. The amount of ClDG can be reduced by using 

sulfuric acid instead of HCl for hydrolysis. The reduction of the amount of ClDG has also been 

an impetus for avoiding HCl in the hydrolysis step. Though ClDG does not present a toxicity 

problem, its presence is not desireable from the standpoint of pharmaceutical quality. 

OUTLOOK 

Advances in chemistry and the remarkable properties of ‘*FDG have largely overcome 

the limitations of the 110 minute half-life of fluorine-l 8 so that ‘*FDG is now available to most 

regions of the US from a :number of central production sites. This avoids the need for an on-site 

cyclotron and chemistry laboratory and has opened up the use of “FDG to institutions which 

have a PET scanner (or other imaging device) but no cyclotron or chemistry infrastructure. 

Currently ‘*FDG is used by many hospitals as an “off the shelf’ radiopharmaceutical for clinical 

diagnosis in heart disease, in seizure disorders and in oncology, the area of most rapid growth. 

However, its ready availability has opened the possibility to also use it in more widespread 

applications in the human. neurosciences including drug research and development (Fowler et al, 

1999). This is an important application because with ‘*FDG it is possible to determine which 

brain regions are most sensitive to the effects of a given drug. Because glucose metabolism 

reflects, in part, the energy involved in restoration of membrane potentials, regional patterns may 

be used to generate hypotheses as to which molecular targets are mediating the effects of the 
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drug. Also a baseline study can be run allowing intra-subject comparison before and after the 

drug. Since subjects are awake and alert at the time of the study, the behavioral and therapeutic 

effects of the drug and their association with metabolic effects can be measured. Though the use 

of a functional tracer like “FDG is not as precise as the use of a radiotracer which is more 

specific for a given neurotransmitter system it nonetheless provides a measure of the fmal 

consequences of the effects of the drug on the human brain. This is important because even 

though a drug may interact with a particular neurotransmitter, it may be the downstream 

consequences of that interaction which are of relevance to its pharmacological effects. When 

radiotracer availability permits, the ideal situation is to pair an ‘*FDG measurement with a 

neurotransmitter specific measurement and in that way to correlate neurotransmitter-specktic 

effects with regional metabolic effects. ‘*FDG has many advantages as a scientific tool for 

preclinical studies in small animals when it is coupled with small animal imaging devices. 

Because the ‘*FDG method requires a -30 minute uptake beriod before the imaging is actually 

done the animals can be awake during this period and anesthetized immediately before imaging, 

thus avoiding the effect of anesthesia on the behavior of the tracer. 
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Figure Captions: 

Figure 1. (clockwise from upper left) Synthesis of “FDG for the first human study, (left to 

right, Tatsuo Ido, C-N Wan and Alfred P. Wolf); Delivery of ‘*FDG to 

Philadelphia Airport (Tatsuo Ido and Vito Casella); ‘*FDG injection and imaging 

in Mark IV scanner (Martin Reivich and Joel Greenberg); Brain images. 

Figure 2. Structure of glucose, 2-deoxy-D-glucose (2-DG) and 2-deoxy-2-fluoro-D-glucose 

(FDG) showing modifications at C-2. 

Figure 3. ‘*FDG model compared to glucose and 2-DG. Note that replacement of the 

hydroxyl I(-OH) group at C-2 does not alter facilitated transport or 

phosphorylation by hexokinase (IX) but does prevent metabolism beyond the 

phosphorylation step. 

Figure 4. Synthesis of ‘*FDG via fluorination with [‘*F]labeled elemental fluorine (Ido et al, 

1978). 

Figure 5. Comparison of fluorine- 18 yields Ii-om the 2%e(d,c1)18F reaction and the 

‘*O(p,n)‘*~F; reaction (Casella et al, 1980; Ruth and Wolf, 1979). 

Figure 6. Synthesis Iof 18FDG via fluorination with [“Flfluoride ion (Hamacher et al, 1986). 
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inKm. 

Substrate 

D-glucose 

2-deoxy-D-glucose 

2-deoxy-2-fluoro-D-glucose 

2-deoxy-2-fluoro-D-glucose 

2-deoxy-2-fluoro-D-mannose 

3-deoxy-3-fluoro-D-glucose 

4-deoxy-4-fluoro-D-glucose 

Hexokinase Km (mmol) reference 
source 

Yeast 0.17 Bessell et al 1973 

Yeast 0.59&o. 11 Bessell et al, 1973 

Yeast 0.19kO.03 Bessell et al, 1973 

Bovine brain 0.2 Machado De 
Domenech and Sols, 
1980 

Yeast 0.41kO.05 Bessell et al, 1973 

Yeast 70*30 Bessell et al, 1973 

Yeast 84 Bessell et al, 1973 

Table 1. Substrate specificities for hexokinase. Note that substitutions at C-2 retain specificity 
for hexokinase while substitutions on C-3 and C-4 result in increases of more than 100 
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Table 2. Synthetic routes to “FDG (1976-1986). 

[ [18F]Labeled 
Precursor 

Substrate 

Electrophilic Methods 

[18Wz i 
[r8F]F2 -+ CHsC02[18F] 1 

[“F]F2 -+ CHsCO,[“F] 

[[“F]Fz -+ [“F]XeFz 

Nucleophilic Methods 
H[“F] + Cs[“F] 

H[l’F] + EtaN[“F] 

H[ 1 ‘F] + IUH[r8F]F2 
-.- 

H[“F] + 
K[‘8F]Kryptofix 2.2.2 I- _- 

3.4.6-tri-0-acetvl-D-elucal 
“ 

D-glucal 

3,4,6-tri-0-acetyl-D-glucal 

Methyl-4,6-0-benzylidene-3-0-methyl-2-0- 
trifluoromethanesulfonyl-P-D-mannopyranoside 
Methyl or vinyl 4,6-O-benzylidene-a-D- 
mannopyranoside-2,3-cyclic sulfate 

1,2-anhydro-3,4:5,6-di-isopropylidene- 1 -C-nitro- 
D-mannitol 

1,2,4,6-tetra-0-acetyl-2- 
trifluoromethanesulfonyl-P-D-mannopyranose 

Reference 

Ido et al, 1978 
Shiue et al, 1982; 
Adam, 1982; 
Diksic and Jolly, 
1983 
Ehrenkaufer et al, 
1984; Jewett et al, 
1984 
Shiue et al, 1983; 
Sood et aL 1983 

Levy et al, 1982; 
Levy et al, 1982 
Tewson, 1983; 
Tewson and 
Soderlind, 1985 
Szarek et al, 
1982; Beeley et 
al, 1984 

Hamacher et al, 
1986 

15 



Adam MJ. (1982) A rapid, stereoselective, high yielding synthesis of 2-deoxy-2-fluoro-D- 

hexopyranoses:. Reaction of glycols with acetyl hypofluorite. J Chem Sot Chem Commun 

730-732. 

Adarnson J, Foster AB, Hall LD, Johnson RN, Hesse RH. (1970) Fluorinated carbohydrates. Part 

III. 2-deoxy-2-fluoro-D-glucose and 2-deoxy-2-fluoro-D-mannose. Carbohydrate Res 

15,351-359. 

Alexoff DL, Casati R Fowler JS, Wolf AP, Shea C, Schlyer DJ and Shiue C-Y. (1992) Ion 

chromatographic analysis of high specific activity 18FDG preparations and detection of 

the chemical impurity in 2-deoxy-2-chloro-D-glucose. AppZ Radiat Isot 43,1313-1322. 

Alexoff DL, Fowler JS and Gatley SJ. (1991) Removal of the 2.2.2 cryptands (kryptofix 2.2.2) 

fi-om ’ *FDG’by cation exchange. Appl Radiat Isot 42,1189- 1193. 

Barton DHR, Hesse RH, Markwell RE, Pechet MM and Rozen S. (1976) Fluorination at 

saturated carbon. 2. Direct fluorination of steroids. JAm Chem Sot 98, 3036-3037. 

Beeley PA, Szarek WA, Hay GW and Perlrnutter MM. (1984) A synthesis of 2-deoxy-2- 

[’ *F]fluoro-D-glucose using accelerator-produced **F-fluoride ion generated in a water 

target. Can J Chem 62,2709-2711. 

Bessel1 EM, Foster AB, Westwood JH. (1972) The use of deoxyfluoro-D-glucopyranoses and 

related compounds in a study of yeast hexokinase specificity. Biochem J 128, 199-204. 

Bessel1 EM, Courtenay VD, Foster AB, Jones M, Westwood JH. (1973) Some in vivo and in 

vitro antitumor effects of the deoxyfluoro-D-gluco-pyranoses. Eur J Cancer 9,463-470. 

I Beuthien-Baumann B,‘Hamacher I(, Oberdorfer F, Steinbach J. (2000) Preparation of fluorine-l 8 

labelled sugars and derivatives and their application as tracer for positron-emission- 

tomography. Carbohydrate Res 327, 107- 118. 

16 



Bida GT, Satyamurthy N and Barrio J. (1984) The synthesis of 2-[‘*F]fluoro-2-deoxy-D-glucose 

using glycals: a reexamination. JNucZ Med 25, 1327-1334. 

Braun AR, Carson RE, Adams HR., Finn RD, Francis BE, Herscovitch P. (1994) A kinetic 

comparison of [‘“FM-fluoro-Zdeoxyglucose and [‘*F]2-fluoro-2-deoxymannose using 

positron emission tomography. Nucl Med BioZ. 6, 857-63. 

Brodack JW, Dence CS, Kilbourn MR, Welch MJ. (1988) Robotic production of 2-deoxy-2- 

[‘8F]fluoro-D-glucose: a routine method of synthesis using tetrabutylammonium 

[“Flfluoride. AppZ Radiat Isot 39, 699-703. 

Casella V, Ido T, Wolf AP, Fowler JS, MacGregor RR, Ruth TR. (1980) Anhydrous F-l 8 

labeled elemental fluorine for radiopharmaceutical preparation. J NucZ Med 21,750-757. 

Chaly T and Dahl JR. (1989) Thin layer chromatographic detection of kryptofuc 2.2.2 in the 

routine synthesis of [‘*F]2-fluoro-2-deoxy-D-glucose. NucZ Med BioZ 16,385-387. 

Coleman RE. (2000) FDG imaging. Nucl Med Biology 27,689-690. 

Diksic M and Jolly D. (1983) New high-yield synthesis of ‘*F-labeled 2-deoxy-2-fluoro-D- 

glucose. Irat JAppZ Radiut Isot 34, 893-896. 

Ehrenkaufer RE, Potocki JF, and Jewett DM. (1984) Simple synthesis of F- I8-labeled 2-fluoro- 

2-deoxy-D-glucose: ‘concise communication. J Nucl Med 25,333-337. 

Ferrieri RA, Schlyer DJ, Alexoff DL, Fowler JS and Wolf AP. (1993) Direct analysis of 

kryptofix 2.2.2 in ‘*FDG by gas chromatography using a nitrogen-selective detector. i?ucl 

.Med BioZ 20,367-369. 

Fowler JS, Finn RD, Lambrecht RM and Wolf AP. (1973) The synthesis of 5-fluorouracil-“F. J 

NucZ Med 14, 63-64. 

17 



r Fowler JS and WolfAP. (1986) 2-Deoxy-2-[18F]fluoro-D-glucose for metabolic studies: current 

status. AppZ Radiat Isot 37,663-668. 

Fowler JS, Volkow ND, Wang G-J, Ding Y-S and Dewey SL. (1999) PET and drug research and 

development. J NucZ Med 40, 1154- 1163. 

Gallagher BM, Ansari A, Atkins H, Casella V, Christman DR, Fowler JS, Ido T, MacGregor RR, 

Som P, Wan C-N, Wolf AP, Kuhl DE, Reivich M. (1977) Radiopharaceuticals XXVII: 

‘*F-Labeled 2-deoxy-2-fluoro-D-glucose as a radiopharmaceutical for measuring regional 

myocardial glucose metabolism in vivo: tissue distribution and imaging studies in 

animals. JNucZ Med 19, 990-997. 

Gallagher BM, Fowler JS, Gutterson NI, MacGregor RR, Wan C-N and Wolf AP. (1978) 

Metabolic trapping as a principle of radiopharmaceutical design: Some factors 

responsible for the biodistribution of [18F]2-deoxy-2-fluoro-D-glucose. JNucZ Med 19, 

1154-l 161. 

Gatley SJ, Holden JE, DeGrado TR, Chin K, Ng CK, Halama JR, Koeppe RA. (1988) In Tayler 

NF (ed). Fluorinated carbohydrates: chemical and biochemical awspects. America1 

Chemical Society, Symp Series 374, Washington DC, 156- 175. 

Hamacher K, Coenen HH and Stocklin G. (1986) Efficient stereospecific synthesis of NCA 2- 

[‘*F]fluoro-2-deoxy-D-glucose using aminopolyether supported nucleophilic substitution, 

JNucZ Med 27,235-238. 

Ido T, Wan C-N, Casella V, Fowler JS, Wolf AP, Reivich M, Kuhl DE. (1978)Labeled 2-deoxy- 

D-glucose analogs, “F-labeled 2-deoxy-2-fluoro-D-glucose, 2-deoxy-2-fluoro-D- 

mamrose and ‘“C-2-deoxy-2-fluoro-S-glucose. J Label Cmynds and Radiopham 14, 

18 



Ido T, Wan C-N, Fowler JS and Wolf AP. (1977) Fluorination with F2. A convenient synthesis 

of 2-deoxy-2-fluoro-D-glucose. J Org Chem 42,234 l-2342. 

Jewett DM, Potocki JF and Ehrenkaufer RE. (1984) A gas-solid phase microchemical method for 

the synthesis of acetyl hypofluorite JF’Zuorine Chem 24,477-484. 

Jones SC, Alavi A, Christman D, Montanez I, Wolf AP, Reivich M. (1982) The radiation 

do&retry of [F- 18]-2-fluoro-2-deoxy-D-glucose in man. J NucZ Med 23,613-617. 

Kilbourn MR, Hood JT, Welch MJ. (1984) A simple ‘*O-water target for ‘*F production. Int J 

AppZ Radiat Isot 35,599-602. 

Kuhl DE, Hoffinan EJ, Phelps ME, Ricci AR, Reivich M, Design and application of the Mark IV 

scam-ring system for radionuclide computed tomography of the brain. In Medical 

Radionuclide Imaging, Vol I, International Atomic energy Agency Symposium on 

medical Radionuclide Imaging, Los Angeles, CA, Ott 25-29, 1976, IAEA, Vienna, 1977, 

pp 309-320. 

Lambrecht R and Wolf AP. (1973) Cyclotron and short-lived halogen isotopes for 

radiopharmaceutical app;lications. “Radiopharmaceuticals and Labeled Compounds, 

Volume 1, International Atomic Energy Agency, Vienna, 275-290. 

Levy S, Ehnaleh D and L;ivni E. (1982) A new method using anhydrous [‘*F]fluoride to 

radiolabel 2-[’ *F]fluoro-2-deoxy-D-glucose. J NucZ Med 23, 9 18-922 

Levy S, Livni E, Ehnaleh D and Curatolo WJ. (1982) Direct displacement with anhydrous 

fluoride of the C-2 trifluoromethanesulfonate of methyl 4,6-O-benzylidene-3-O-methyl- 

2-0-trifluoromethylsulphonyl-/3-D-mannoside. J Chem Sot Chem. Comm 972-973. 

MacGregor RR, Fowler JS, Wolf AP, Shiue C-Y, Lade RE, Wan C-N. (1981) A synthesis of 

’ ’ C-2-deoxy-D-glucose for regional metabolic studies. J NucZ Med 22,800-803. 

19 



Machado De Domenech EE and Sols A. (1980) Specificity of hexokinases towards some 

uncommon substrates and inhibitors. FEBS Lett 119, 174-176. 

Meyer G-J, Matzke KH, Hamacher K, Fuchtner F, Steinbach J, Notohamiprodjo G and Zilstra S. 

(1999) The stability of 2-[‘*F]fluoro-deoxy-D-glucose towards epimerization under 

alkaline conditions. AppZ Radiat Isot 51,37-4 1. 

Moerlein SM, Brodack JW, siege1 BA and Welch MJ. (1989) Elimination of contaminant 

kryptofix 2.2.2 in the routine production of 2-[‘*F]fluoro-2-deoxy-D-glucose. AppZ Radiat 

Isot 40,741-743. 

Mulholland GK. (1995) Simple rapid hydrolysis of acetyl protecting groups in the FDG synthesis 

using cation exchange resins. NucZ Med BioZ 22,19-23. 

Ohsaki .K Endo Y, Yamazaki S, Tomoi M and Iwata R. (1998) Polymer-supported catalysts for 

on-column preparation of 2-deoxy-2-[‘*F]fluoro-D-glucose. AppZ Radiat Isot 49,3 73- 

378. 

Pacak J, Tocik 2 and Cerny M. (1969) Synthesis of 2-deoxy-2-fluoro-D-glucose. J Chenz Sot 

Chem Comm 77. 
. - 

Reivich M, Kuhl D, Wolf A, Greenberg J, Phelps M, Ido T, Casella V, Fowler J, Hoffman E, 

Alavi A, Som P, Sokoloff L. (1979) The [“Flfluorodeoxyglucose method for the 

measurement of local cerebral glucose utilization in man. C&c Res 44, 127-137. 

Ruth TJ and Wolf Al’. (1979) Absolute cross sections for the production of ‘*F via the 

‘*O(&n)‘*F reaction. Radiochinz Acta 26,2 l-24. 

Satyamurthy N, Phelps ME, Barrio JR. (1999) Electronic generators for the production of 

positron-emitter labeled radiopharmaceuticals; Where would PET be without them’? 

Clinical Positron Imagirzg 2,233-252. 



. . 

Schlyer DJ, Bastes MAJT, Alexoff A and Wolf AP. Separation of [‘*F]fluoride from [‘*O]water 

using anion exchange resin. AppZ Radiat Isot 41,53 l-533. (1990) 

. Shiue C-Y, Salvadori PA, Wolf AP, Fowler JS and MacGregor RR. (1982) A new improved 

synthesis of 2-deoxy-2-[‘*F]fluoro-D-glucose from ‘*F-labeled acetyl hypofluorite. J 

NucZ Med 23,899-903. 

Shiue C-Y, To KC, and Wolf AP. (1983) A rapid synthesis of 2-deoxy-2-fluoro-D-glucose from 

xenon difluoride suitable for labeling with ’ *F. J Labeled Cmpnds and Radiopharm. 20, 

157-162. 

Silverman M. (1970) Specificity of monosaccharide transport in the dog kidney. Am J 

Physiology 218,743-750. 

Sokoloff L. (1979) Mapping of local cerebral functional activity by measurement of local 

cerebral glucose utilization with [14C]deoxyglucose. Brain 102,653-668. 

Sols A and Crane RA. (1954) Substrate specificity of brain hexokinase. JBioZ Chem 210,58 l- 

595. 

Som P, Atkins HL, Bandoypadhyay D, et al. (1980) A fluorinated glucose analog, 2;fluoro-2- 

deoxy-D-glucose (F- 18): nontoxic tracer for rapid tumor detection. J NucZ Med 21, 670- 

675. 

Sood S, Firnau G, and Gatnett ES. (1983) Radiofluorination with xenon difluoride: Int JAppZ 

Radial Isot 34, 743-745 

Szarek W, Hay GW, and Perlmutter MM. (1982) A rapid stereospecific synthesis of 2-deoxy-3- 

fluoro-D-glucose using fluoride ion. J Chem Sot Chcm Comrn 1253-1254. 

Tewson TJ. (1983) Cyclic sulfur esters as substrates for nucleophilic substitution. A new 

synthesis of 2-deoxy-2-fluoro-D-glucose. J Org Chem 48, 3507-35 10. 

21 



Tewson TJ. (1983) Synthesis of no-carrier-added fluorine- 18 2-fluoro-2-deoxy-D-glucose. J 

Nucl Mei24,718-721. 

Tewson TJ and Soderlind M. (1985) I-Propenyl-4,6-O-benzylidene-~-mannopyranoside-2,3- 

cyclic sulfate: a new substrate for the synthesis of [F-18]-2-deoxy-2-fluoroglucose. J 

Nucl Med 26, P 129 (abstract). 

Toorongian SA, Mulholland GK, Jewett DM, Bachelor MA, Kilbourn MR. (1990) Routine 

production of 2-deoxy-2-[‘“Flfluoro-D-glucose by direct nucleophilic exchange on a 

quaternary 4-aminopyridinium resin. Int J Rad Appl Instrum B. 17,273-279. 

Varelis P and Barnes RK. (1996) Epimerization of 2-deoxy-2-[‘8F]fluoro-D-glucose under basic 

conditions. A convenient method for the preparation of 2-deoxy-2-[‘8F]fluoro-D- 

mannose. Appl Radiat Isot 47,73 l-733. 

Weber G. (1977) Enzymology of cancer cells. N Eng J Med 296:541-55 1. 

Wieland SW, Hendry GO, Schmidt DG, Bida G, Ruth TJ. (1986) Efficient small-volume r80- 

water targets for producing 18F fluoride with low energy protons. JLabeZed Cmpnds and 

Radiopharm 23, 1205-1207. 

Yuasa M, Yoshida H, Hara T. (1997) Computer-controlled synthesis of [“F]FDG by the 

tetrabutylammonium method: achievement of high yield, purity, reproducibility, 

reliability, and safety. Appl Radiat Isot 48, 20 l-205. 





. 



-” 

. 
. 

“H+kOH “H%OH 

H H 

D-glucose 2-deoxy-D-glucose 2-deoxy-2-fluoro-D-glucose 



. . 



BLOOD BRAIN 
H OH 

HK 
OH - - GLU-6-P- other products1 

H H I 

D-glucose (GLU) - 
I 

HK - 
OH 

-[U-‘4C]-2-DG-6-P-++y+ 

[U-‘4C]-2-denx~-D-gluc&e (2-DG) 

HK 
OH - - 18FDG-6-P -+f- 

78 
H 

FDG 

Blood Brain Barrier 

Fkure 3 





OAc 

+ 

3:l 

OAc 



. 



Lf 
. 

. 

E 
; 
a> .- x 

300 
I I I I 

250 - 

200 - 

150 - 

25 
particle energy (MeV) 





OAc 

~~~~~~~~~~~~~~~~~~ Acfc& OH HCI HO 

18F 
OAc- OH 

18FDG 

/ 

Figure 6 




